ABSTRACT: A trend analysis of surface temperature in Chisinau (Moldova) between 1887 and 2008 is presented. The observational data included monthly mean temperatures (Tmean) for the whole period, and monthly mean maximum (Tmax) and minimum (Tmin) temperatures since 1945. The following principal aspects were studied: (1) long-term temperature trends and changes in their patterns; (2) seasonal temperature extremes and their links with rising mean temperatures; and (3) an extremely hot summer of 2007 in Moldova as evidence of regional warming. In the last 3 decades, strong positive trends were observed in all temperature variables and, unlike previous periods , have become statistically significant for most seasons. Trends increased drastically: annual, winter and summer Tmean rose by about 0.62, 0.50 and 0.95°C per decade, respectively, in 1981-2008, compared with 0.035, 0.075 and 0.018°C per decade, respectively, in 1887-1980. Means of seasonal (except autumn) and annual temperatures in 1981-2008 differed from previous years at a 95% and higher confidence level; their variability, expressed in standard deviation (SD) values (σ), did not change significantly. In the last 3 decades there was practically no significant change in means, variability and distribution of Tmax in comparison with 1945-1980; however, Tmin changed significantly in all these statistics. The lack of significant changes in recent Tmax resulted in a relative stability of the frequency of temperature extremes, defined as the 90th and 95th percentiles of long-term distributions in winter and summer; some increase is observed only for absolute maxima. In 1981-2008 these thresholds for mean Tmin were exceeded 7 and 3 times, respectively, compared to the 1940s-1970s, when there were no such extreme events. The results strongly suggest that the observed warming in Chisinau was primarily caused by the Tmin increase. In summer 2007, monthly Tmean exceeded the corresponding values of the baseline climate by 2.5-4.0 σ, the seasonal Tmean by 5 σ.
INTRODUCTION
The Earth's climate is changing (Jones et al. 2009 ), resulting in numerous negative consequences and crating challenges for policymakers, scientists and the general public (IPCC 2007a,b) . The principal conclusion of the Fourth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC AR4) was that the 'warming of the climate system is unequivocal, as is now evident from observations of increases in global average air and ocean temperatures, widespread melting of snow and ice, and rising global average sea level' (IPCC 2007a, p. 5) . The notion that climate change may alter the mean, variability and extremes of relevant weather variables is now widely accepted, resulting in increased attention to research in these areas over recent decades (Albert et al. 2009 ). The primary goal of many studies has been to assess global warming at a regional level (e.g. Groisman & Ivanov 2008) and to estimate empirical links between increased air temperatures and the frequency of extreme events (Beniston & Stephenson 2004 , Good et al. 2006 , Tebaldi et al. 2006 , Semenov 2008 , Albert et al. 2009 ). Air temperature trends differ from their global patterns at a continental scale (Gil-Alana 2008) ; they differ even more at a regional scale (e.g. Lu et al. 2004 , Corobov 2008 . Further, to facilitate adaptation to a changing climate, stakeholders are often interested not only in the magnitude of a temperature trend, but also in possible changes in temperature variability.
Climate extremes affect all sectors of national economies -agriculture, water resources, industry, transportation and human health. Observational evidence and model simulations show that appreciable changes in the variability and long-term trends of extreme events are very likely in a gradually warming world (Benestad 2003 , Beniston et al. 2005 , Unkaśević et al. 2005 , Tebaldi et al. 2006 , Semenov 2008 . In this case, the dynamic of extremes is an important indicator of global warming, and the knowledge of their nature can strengthen the preparedness of society for anticipated changes in weather patterns and climate perturbations.
The impact of climate extremes can be severe and wide ranging; however, the most dramatic effects will be at local and regional scales (Adger et al. 2005 , Good et al. 2006 , Therivel & Ross 2007 . Much work has been done on this subject, especially in special European projects (e.g. STARDEX and MICE, see Appendix 1 for details), conferences, workshops (e.g. Meehl et al. 2000a,b) and numerous research studies. For example, based on the study of high temperatures in France, Parey et al. (2007) proposed a detailed methodology to identify and estimate trends in a series of very high temperatures that allows empirical laws to be formulated based on the distribution and evolution of temperature extremes with time. Information on climate extremes allows the evaluation of ongoing or recent events placed in an historical context. But whereas in an extreme value analysis it is possible to account for nonstationary conditions such as trends, there is still debate about the best way to do this (Albert et al. 2009) .
In this paper, we present the results of 3 research goals: (1) an analysis of long-term temperature trends and variability in Moldova's climate; (2) the relationship between seasonal temperature extremes and increasing mean temperatures; and (3) an assessment of the extremely hot summer of 2007 in Moldova as evidence of regional warming.
METHODS
The analysis of long-term trends in climatic variables and, moreover, in extreme events, which are rare by definition, requires as long a time series as possible to aid in the modelling of extremes; ideally, the observations should extend backwards into at least the 19th century (Benestad 2004) . Therefore, in this study we analyzed air temperature records from the weather station in Chisinau, which had the longest and most reliable series of instrumental observations in Moldova. This series included the monthly mean temperatures (Tmean) for the 122 yr period of 1887-2008, and mean monthly maximum and minimum temperatures (Tmax and Tmin, respectively) since 1945. Over the observation period this station has changed location only once (in 1945), after a 4 yr break in observations (1941) (1942) (1943) (1944) during the Second World War. Despite the station's move, the Moldova Hydrometeorological Service (MHS) considers the record as homogeneous (MHS pers. comm.) . Further, there are no other long-record stations in the vicinity to serve as references in a standard homogeneity test. Presently, the Chisinau weather station is located on the outskirts of the city at one of the highest points, which practically excludes any heat-island effect. This station is included in the list of observing stations of the World Meteorological Organization (WMO), and its data are archived at the regime-reference databank of the World Data Center. Because of the small size of Moldova (33 846 km 2 ), the relatively homogeneous terrain, and the location of Chisinau near its geographic centre (Fig. 1) , the research results could be considered as representative of the whole country. Global and northern Because the early 1980s are usually taken as the breakpoint, after which anthropogenic influence on the atmosphere was reflected more prominently in the climate record (IPCC 2007a), we evaluated temperature trends for 2 periods: 1887-1980 (with 2 subperiods of 1887-1940 and 1945-1980), and 1981-2008 . The year 1981, a priori selected for our research, is the same as the last year (1981) in the second subsample of Gil-Alana (2008) , who estimated the breaks in global and hemispheric temperature long-term time series using a technique based on segmented trends and fractional integration. The other breakpoint of 1940-1945 coincides with the availability of maximum and minimum temperature records, and the interruption of observations by the Second World War.
The climate of Moldova is temperate continental (Fig. 2) , slightly modified by the proximity of the Black Sea and the intrusion of warm humid air from the Mediterranean Sea. Climatic seasons are clearly defined with a short low-snow winter and a long summer, sometimes very hot and dry (Goscommet USSR 1990) .
The significance of changes in temperature from 1981-2008 compared with previous years was tested through a statistical comparison of the corresponding mean and standard deviation (SD; σ) values. In essence, this procedure examines the stationarity of the observation series. A stationary temporal process presupposes that its probability distribution does not change over time. The selected subsamples were compared by applying the t-test for means and F-test for variances. A more detailed comparison was made with the Kolmogorov-Smirnov (K-S) test for distributions (Statgraphics 2009 ).
Aside from trends over time, we also analyzed the occurrence of extreme events. The term 'extreme event' can refer to any number of weather and climate variables, described by different parameters and indexes (e.g. Carter et al. 2007 , Albert et al. 2009 ). Usually, the extremes reflect rare and high impact events that occur clearly within the tail of a statistical distribution. The IPCC Glossary (IPCC 2007b, p. 875) defines an extreme weather event as 'an event that is rare within its statistical reference distribution at a particular place. Criteria of 'rarity' vary from place to place and are normally calculated as rare as (or rarer than) 10th or 90th percentile value'. As a result, many extreme temperature studies analyze the statistical behaviour of the tail of a temperature variable's probability distribution. Other research (e.g. Sillmann & Roeckner 2008 , Caprio et al. 2009 ) are focused on nonparametric approaches. According to Beniston & Stephenson (2004) , an attempt to relate rare or intense events to changes in mean climatic conditions is by no means trivial, and the causal relationships between isolated events and long-term trends are difficult to establish in any statistically meaningful manner.
As a generalization, there is Extreme Value Theory (Coles 2001 , Parey et al. 2007 , Albert et al. 2009 , Suarez 2009 ) that relies on 2 general approaches to extreme events. (1) Those that can be considered as maxima of given blocks of time (e.g. a year or month) are described by the generalized extreme value (GEV) distribution that is a family of continuous probability distributions developed within Extreme Value Theory to combine the Gumbel, Frechet and Weibull families. The GEV distribution is the limit distribution of properly normalized maxima of a long (finite) sequence of independent and identically distributed random variables and as such is used as an approximation for the modelling of these maxima. (2) The other specification consists of the Peaks over Threshold (POT) approach where extremes are retained values over a properly chosen high threshold. In POT the series of occurrences of these events is usually the trajectory of a Poisson process. Indirectly, our work is based on these 2 considerations. The extreme temperatures were primarily computed as different tail percentiles of annual and seasonal maximum and minimum temperature distributions.
All statistical analyses were carried out with Statgraphics Centurion Data Analysis and Statistical Software (Statgraphics 2009 ).
RESULTS AND DISCUSSION

Comparison with trends on larger spatial scales
The practice of environmental management increasingly recognizes the importance of scale and crossscale dynamics in understanding and addressing global challenges. Regarding climate change, this is especially crucial, as these changes may be global in origin, yet Good et al. (2006, p. 20) defined the term 'pattern scaling' as '… a few experiments with complex climate models to estimate (often linear) relationships between a scalar predictor (e.g. global mean temperature) and the local quantity of interest (the predictant, e.g. annual mean temperature). These relationships are assumed to be robust such that given any value of the scalar predictor, a value of the predictant may be estimated for each location'. We used this concept to correlate the temperature series in Chisinau (expressed as anomalies from the baseline climate) with the global and northern hemispheric anomalies (Fig. 3) .
While the directional trend of global temperatures is broadly reflected in Moldova, it is evident that the overwhelming part of regional climate variability is locally specific. So, the clear interruptions of Chisinau's general warming trend during the last century by interim warmer or colder temperature periods are not always 'in phase' with deviations in large-scale trends. The simple correlation (r) between global and regional anomalies is 0.405 (p < 0.001). Thus, from the coefficient of determination (r 2 ), global climatic processes explain only 16.4% of air temperature variability in Moldova. For a comparison with Northern Hemisphere temperatures these values are 0.457 (p < 0.001) and 20.1%, respectively. Moreover, it appears that temperature trends are modified in Chisinau compared with global and hemisphere means, supporting the IPCC (2007a) conclusion that on a regional scale many factors other than anthropogenic ones, such as variation in atmospheric circulation and topography, may influence change in climate.
Observed trends and variability
As one can see from Fig. 4 and Table 1 , from 1887-1940 nonsignificant decreases of Tmean were observed in Chisinau in all seasons except summer when the trend was nonsignificantly positive. From 1945 From -1980 , the annual decrease continued with a statistically significant decrease in summer temperature and nonsignificant positive trends in autumn and winter temperatures. Since 1981, all trends were positive at p < 0.05 for annual and summer temperatures, and p < 0.10 for spring temperature. Trends of winter and autumn Tmean in this period were not statistically significant. Thus, for the entire period of instrumental observations in Chisinau the general positive trend of Tmean was mainly determined by climate warming in the last 3 decades.
The sharp changes between 2 periods are observed for Tmax (Table 1) . During 1945-1980 the temperature trend was negative in all seasons; since 1980 it has been positive, with statistically significant changes in summer, autumn and for the year as a whole. In contrast, an upward trend in minimum (night) temperatures was observed before the 1980s. Initially, it was significant only for annual (p < 0.10) and autumn (p < 0.05) minima, but was followed by a sharp increase in later years.
An increase in the rate of trend can also be observed. During 1887-1980, the annual Tmean trend was upwards at 0.035°C decade -1 ; since 1981 it has been about 0.6°C decade -1 (Table 1 ). The equivalent trends for winter and summer were 0.5 and 0.95°C decade Tables 2 and 3. Different research and simulations suggest that both mean and variance are likely to change with a change in climate, and their relative contribution to a new temperature regime depends on how much each statistic changes (e.g. Meehl et al. 2000b ). In our case, in the last 3 decades, the seasonal (except autumn) and annual Tmean are different with high confidence from previous years ( Table 2 ). The variance of air temperature remains (statistically) the same, thus supporting the suggestion of Meehl et al. (2000b, p 430) that 'the change in the mean is usually larger than the change in variance for most climate change simulations'. The synergetic effect of change in means and variability results in a distribution change. Thus, results suggest that over the last 3 decades Chisinau has had a new mean climate (at the significance level of 10% and less), in comparison with the previous long-term period, for all seasons except autumn (p 0 .5). However, when the most recent decades are compared with 1945-1980, there are only significant (Table 2) . Our research also supports the results of other research (IPCC 2007a,b) in detecting an asymmetry between the change in maximum and minimum temperatures. There are practically no significant differences between 3 statistics of maximum seasonal temperatures in the present climate in comparison with the 1940s-1970s (Table 3) . However, Tmin changed significantly, in terms of its mean, the variability of annual values and in its distribution, at p < 0.05 in all seasons except winter (p = 0.132). Thus, one can conclude that in the last 3 decades the observed general warming of Chisinau is caused primarily by an increase of minimum temperatures. Meehl et al. (2000a) noted that the frequency of extremes changes nonlinearly with a change in the means, and a small change in the mean can result in a large change in the frequency of extremes. In turn, a change in the variance would have a larger effect on the frequency of extremes than would a change in the mean. This becomes more complicated when the mean, variance and even the form of distribution are all changing simultaneously, affecting the occurrence of extremes in different ways. In the case of a long observation period, trends can describe the alteration of all statistics of an initial distribution, often specified as a normal Gaussian. For example, some authors (Schär & Jendritsky 2004 ) have attempted to explain the very high summer temperatures in western Europe in 2003 by an increase in the variance of the Gaussian model. In their analysis, the trend in extremes was implicitly explained by the trend in the central part of a distribution.
Change in extreme events
All temperature series in this research were initially tested for normality (Corobov & Overcenco 2010) . For Tmean some negative skewness and positive kurtosis were observed only in autumn. Small positive skewness and kurtosis were inherent in the distribution of spring minimum temperatures. In all other cases a good normal distribution fit is observed, and most tests suggest that seasonal and annual averages come from a normal distribution. The results also indicate that in spring and summer all temperature variables (except Tmean in spring) have tendencies to positive skewness and kurtosis; in autumn and winter, negative values predominate. The normal distribution of the seasonal temperature averages facilitates the analysis of extremes. When temperatures are distributed normally a nonstationary distribution implies changes in means or variances. Usually, increases in Tmean will lead to increases in record hot weather. Based on Tmean records from 17 climate stations spread around the globe, Benestad (2004) showed that by the end of the 20th century the number of record temperatures was higher than expected if the series had been stationary.
In our study the means and extremes of seasonal maximum and minimum temperatures have been analyzed to assess whether significant changes emerged over recent decades, and whether there is a relationship between mean values and the upper extreme values defined by the 90th and 95th percentiles. Because variances of maximum and minimum temperatures in the 2 periods, 1945-1980 and 1981-2008 , were not found to be statistically different (except for annual minima, Table 3), the threshold values are defined similarly over the whole observation period. For each of the 2 subperiods we selected seasonal averages of Tmax and Tmin, the averages of absolute maxima and minima, as well as the number of years with values in excess of a selected threshold (Table 4) . Since the duration of the periods are different, the total numbers of exceedance were transformed into frequency per decade.
Several findings were noted. The change in frequency and intensity of air temperature extremes differed for maximum and minimum temperatures. There was a lack of significant differences between Tmax values for the 2 periods ( with no difference in the number of extremes occurring in winter and summer, and a small increase in annual extremes of Tmax (Table 4) . For extreme absolute maxima, an increase was observed in winter and for annual exceedance of the 90th percentile threshold (P 90 ). In contrast, many more significant changes were observed in the Tmin distributions, supporting the above conclusion that the general warming in Chisinau was primarily associated with the increase in minimum temperatures. Here, the statistically significant change in summer and annual distributions (Table 3) has resulted in more frequent extreme events. In particular, in the 1940s-1970s almost no one seasonal or annual Tmin value was higher than the 90th percentile, but it was exceeded 6 times (winter) and 7 times (summer and annual) after 1980. The 95th percentile was exceeded 5 times in summer and autumn, and 3 times for the annual temperatures.
Based on the trend in summer Tmax, Beniston & Stephenson (2004) showed that higher-order statistics (variance, skewness and kurtosis) are uncorrelated with average statistics, implying a symmetric shift in the Probability Density Function (PDF), in which the mean changes but the shape of the distribution does not. However, this is not necessarily the case elsewhere, in particular for Chisinau, a change in the shape of distribution -especially for Tmin -also occurs (Fig. 5) .
The summer of 2007 in the context of Moldova's changing climate
The hot summer of 2003 in western Europe is well known and well studied; it was even documented as a special case study in the IPCC AR4 (Parry et al. 2007 ). However, there was a second, much less well-known, hot summer that was observed in 2007 and affected most of southern and southeastern Europe. In particular, this year was among the hottest summers in Romania over the entire observational period 1901 (Busuioc et al. 2007 ; it also was the warmest in the history of instrumental observations in Moldova, when practically all temperature records were broken in winter, spring and especially in summer (Bugaeva & Mironova 2007) . The research of Busuioc et al. (2007) showed that a persistent anticyclonic structure over the region associated with very large positive temperature anomalies at 850 hPa, were the main reasons for the very hot Tmean was 5 σ above the baseline, or considerably more to the right of its 'reference' distributions. As evident from Table 5 , summer temperatures similar to those in 2007 were extremely unlikely in the baseline climate. Analogous July Tmeans were expected about once in 10 000 yr, July Tmax once in 2000 yr, and July Tmin once in 300 yr. The return periods for June and August temperatures are somewhat shorter, but also in the order of 100-1000 yr. However, such a hot summer is much more likely when compared with the climate of the last 2 decades; in this case the summer of 2007 would have a return period of 100 yr for summer Tmean and Tmax, and 30 yr for Tmin. The recurrence of the monthly temperatures of 2007 is probably once per decade to century.
CONCLUSIONS
The analysis of the observed trends in Chisinau air temperatures over the last 120 yr provides an opportunity to identify evidence of clear change in the air temperature regime of Moldova that can be summarized as follows.
• The acceleration of anthropogenic climate change in the last 3 decades is clearly displayed on a regional level through changed temperature trends and extreme events. • The regional climate of Moldova is significantly changing. Beginning in the early 1980s, the trends of air temperature observed at Chisinau weather station have changed sharply both by their direction and rate.
• The general positive trend in temperature for the entire period of instrumental observation is mainly caused by warming in the last 3 decades, and given changes in the distribution of temperatures, a new baseline climate is being observed.
• There is a certain asymmetry between the change in the Tmax and Tmin. While differences between seasonal distributions of maximum temperatures in the Annual maximum temperature (°C) Annual minimum temperature (°C) Probability density 1945-1980, black: 1981-2008) ; for the corresponding values of mean and σ (standard deviation), see Table 3 current climate compared with the 1940s-1970s are largely non-significant, the minimum temperatures have changed significantly in their mean values and distribution. Thus, recent regional warming is caused mainly by an increase of minimum (night) temperatures.
• As a result, the change in frequency and intensity of temperature extremes differs between maximum and minimum temperatures. There is no increase in the number of winter and summer maximum extremes against a sharp increase in the frequency of summer and annual extreme minimum temperatures. 
